Abstract. The fluorescence quantum intensities of normal and oxygen-free solutions of para-terphenyl in toluene have been measured as a function of concentration c and of excitation wavelength A from 2200A to 3300A. The absorption spectra of toluene and terphenyl have been observed. The energy transfer coefficient f from excited toluene molecules to terphenyl molecules has thus been obtained. Kallmann and Furst (1950, 1951) observed that, although the fluorescence is characteristic of the solute, its intensity greatly exceeds that from direct excitation of the solute molecules by the incident ionizing radiation. A transfer of electronic energy from solvent molecules, initially excited, to solute molecules was thus demonstrated. The energy transfer process for a wide range of liquid solutions has been studied by Kallmann (1952, 1954a), Reynolds (1952) and others.
1. INTRODUCTION
H E high fluorescence efficiency of certain organic liquid solutions, when excited by ionizing radiations, was observed initially by Ageno, Chiozzoto T and Querzoli (1949, 1950) , Kallmann (1950) , and Reynolds, Harrison, and Salvani (1950) . Such solutions are now extensively used for scintillation counting, particularly where a large detection volume and a rapid response time are required. Kallmann and Furst (1950, 1951) observed that, although the fluorescence is characteristic of the solute, its intensity greatly exceeds that from direct excitation of the solute molecules by the incident ionizing radiation. A transfer of electronic energy from solvent molecules, initially excited, to solute molecules was thus demonstrated. The energy transfer process for a wide range of liquid solutions has been studied by Kallmann (1952, 1954a) , Reynolds (1952) and others.
The mechanism of the inter-molecular energy transfer in liquids and in related fluorescent organic systems has been a matter of some discussion, and several alternative processes have been proposed. Birks (1953 Birks ( , 1954 has formulated a photon theory of energy transfer. Other observers (e.g. Cohen and Weinreb 1954 ,1956 , Furst and Kallmann 1952 a, b, Kallmann and Furst 1950 ,1951 , Reid 1952 , Reynolds 1952 , Schmillen 1953 , Terenin 1954 ) consider that such a radiative transfer process is inadequate to account for the magnitude of the t Now at the Physical Laboratories, University of Manchester. 54 energy transfer observed. They propose that the intermolecular energy transfer is primarily non-radiative (Forster 1948 (Forster , 1949 (Forster , 1951 .
Several non-radiative transfer mechanisms, some of which are equivalent, have been suggested. These include exciton migration, dipole-dipole interaction, quantum-mechanical resonance, or inductive transfer, sensitized fluorescence, collisional transfer and the formation of excited ' double molecules ', or of solventsolute molecular complexes. While some of these processes are plausible on theoretical grounds, others that have been borrowed by analogy from different physical systems, such as ionic crystals and monatomic gases, are not necessarily applicable to liquid organic solutions.
The use of ionizing radiation for stimulation of the fluorescence complicates the interpretation of the experimental data. The manner of conversion of the primary molecular ionization and excitation energy into lower excited states of the molecules is not yet fully understood. Birks (1953,1954) has proposed a possible mechanism : a cascade of successive fluorescence and re-absorption transitions from and to higher electronic states, degenerating through vibrational energy dissipation into lower electronic states. The fluorescence from the lowest excited singlet state of the solute ultimately escapes without re-absorption and is observed externally. While many data are consistent with this theory, prior to the present work it lacked any direct verification.
It was therefore considered desirable to study the solvent-solute energy transfer, without the additional effects of primary ionization. Cohen and Weinreb (1954) have shown that such energy transfer occurs in organic liquid solutions, when excited by non-ionizing ultra-violet radiation. Furst and Kallmann (1954 b) have also extended their earlier scintillation studies of various solutions to ultra-violet excitation. However, the latter's use of multi-component solutions complicates the analysis of their results.
I n the present work, the fluorescence quantum intensity of a binary solution, para-terphenyl in toluene?, has been measured as a function of concentration and of excitation wavelength from 2200A to 3300A. The absorption spectra of the two components, and other data relevant to a quantitative analysis of the energy transfer, have also been measured.
Since the completion of the experimental work in November 1955, an account of similar studies by Cohen and Weinreb (1956) has been published. Our results, analysis, and conclusions differ from theirs in several important respects.
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Absorption Spectra
The absorption spectra of toluene in ethanol (figure 1, curve A) and of terphenyl in cyclohexane (figure 1, curve B) were measured with a Beckman Model D U spectrophotometer, The absorption spectrum of terphenyl in toluene was measured down to 2950 A, at which wavelength the toluene starts to absorb, and a similar spectrum to that of the cyclohexane solution was observed. The observed spectra are similar to those reported by Friedel and Orchin (1951) .
The ratio p, of the molar extinction coefficients ey and ex of terphenyl and toluene respectively, is plotted in figure 1 , curve C . 
Fluorescence of Solutions
The solution S was contained in a cylindrical glass vessel, the depth of the solution (1 cm) being the same for all specimens. The fluorescence was excited byillumination with monochromatic radiation from a Beckman Model D U spectrophotometer, the horizontal exit beam M being deflected vertically downwards by a quartz prism Q. The vessel was placed on a Chance OY 10 glass filter F, adjacent to the photo-cathode window of a n u Mont 6291 photomultiplier P mounted vertically.
The experimental arrangement is shown diagrammatically in figure 2. The filter transmits the terphenyl emission efficiently, but it is opaque to shorter wavelength radiation : it thus serves to prevent scattered incident radiation from reaching the photo-cathode. A careful check showed that neither the filter nor the glass vessel were luminescent, an important precaution since fused silica and some glasses luminesce in the near ultra-violet and visible regions. Optical contact between the surfaces was improved by thin films of glycerine. The experiments consisted of illuminating the top surface of each solution specimen, and measuring the integrated intensity of the fluorescence transmitted through the base. This observation was repeated for excitation wavelengths from 2200 A to 3300 A. The fluorescence intensity at each wavelength was normalized to the same quantum flux of incident radiation, as described in $2.3. Thus the fluorescence excitation spectra of several solutions of different concentrations were determined.
Calibration of Incident Radiation
T h e relative quantum intensity of the incident radiation at different wavelengths was determined by a method, similar to that described by Wright (1955). The solution specimen S was replaced by a 1 cm cube para-terphenyl crystal, thus converting the incident radiation into terphenyl fluorescence radiation to which the photomultiplier is sensitive. Wright (1955) has shown that the technical photofluorescence quantum efficiency of such a terphenyl crystal is constant, and independent of wavelength, down to 2537 A, and that this uniform response can be assumed to extend down to at least 2200 A.
The intensity of the integrated fluorescence from the terphenyl crystal was thus taken as directly proportional to the quantum intensity of the incident beam. This calibration was checked down to 2537 A using the ultra-violet-sensitive phototube, supplied with the spectrophotometer, as detector. The photo-tube response had been previously measured against a Hilger Model F.T. 16 1' inear vacuum thermopile, fitted with a fluorite window (Wright 1955). Excellent agreement was obtained between the two independent calibrations.
Fluorescence Excitation Spectra
Fluorescence excitation spectra, normalized to a constant flux of incident quanta, were measured from 3300A to 2200A, for a range of solutions of different concentrations. concentration from 4.15 g1.-l to 0.09 gI.-l. These solutions contained dissolved oxygen, which is known to act as a quenching agent, in equilibrium concentration at normal atmospheric pressure. Figure 4 shows the results for two solutions, from which the oxygen had been removed by bubbling nitrogen through the toluene during distillation. 
Qualitative Description
In the first region (0) from 2800-3300 A, the toluene is practically transparent, and t h e terphenyl fluorescence is excited directly by absorption of the incident radiation. This region of direct excitation is bounded at X N 3300 A by the terphenyl absorption edge, and at X N 2800 A by the onset of the toluene absorption.
In the second and third regions (1 and 2), corresponding to wavelengths below about 2700A, the toluene absorption is high, and practically all the incident radiation is absorbed by the solvent. I n these regions, the terphenyl fluorescence is mainly excited indirectly by energy transfer from excited toluene molecules.
The fluorescence intensity shows variations, associated with changes in ex and cy with wavelength, and these are allowed for in the subsequent analysis. HOWever it may be noted at this stage, that the fluorescence intensity, which depends on the energy transfer efficiency, is higher at the shorter wavelengths (2200-2350 A) designated region 2, than at the longer wavelengths (2500-2650 A), designated region 1.
Three distinct regions may be distinguished in the excitation spectra.
Correction for Excitation Depth
Before undertaking a quantitative analysis of the results, a correction was made for the variation with wavelength and concentration of the depth of penetration of the incident radiation. This effect was reported by Wright (1955), who studied the fluorescence excitation spectra of organic crystals. These show major variations with excitation wavelength of the transmitted fluorescence intensity, associated with variations in the absorption coefficient.
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The effect is clearly seen in the present measurements (figures 3 and 4) for wavelengths from 3000 A to 3300 A. I n this spectral region the toluene is transparent, all the terphenyl fluorescence is directly excited, and the fluorescence quantum efficiency of terphenyl is constant. Nevertheless, the observed fluorescence intensity decreases with increasing wavelength, due to the decrease in cy, and the consequent increase in the depth of penetration of the incident radiation,
The observed fluorescence intensity I has been expressed in terms of Io, the observed fluorescence intensity at a wavelength of 3000A, and I/Io has been normalized to correspond to the strongest solution (4*15gl.-l) I n figure 5, I/Io for all the solutions from 3000A to 3300A is plotted on a logarithmic scale against the molar extinction coefficient (eX + E~c ) , where c is the concentration of solute molecules per solvent molecule. I n this spectral region ex = 0.
-' [ 
Energy Transfer Coefficient
We shall now proceed to analyse the corrected excitation spectra, to determine For incident photons of wavelength A, let the fraction absorbed initially by the the fraction of quanta transferred from solvent to solute molecules. solvent and solute molecules be n, and n y respectively. .
..... (2)
where nf is the number of photons emitted per incident quantum absorbed, and f is the energy transfer coefficient, i.e. the fraction of quanta, initially absorbed by the solvent, which are transferred to the solute. qfy is characteristic of the solute in the particular solvent at a given value of c. It is independent of h within the 1st absorption band of the solute (down to 2350A in the present case) and, by analogy with other organic fluorescent compounds (Pringsheim 1949, Fuchslocher and Glaser 1954, Wright 1955), it may be expected to remain constant down to at least 2200A.
In the spectral region 0, where the solvent is transparent, n, = 0, ny = 1, and qfy = nfo ......( 3) where suffix 0 refers to this spectral region. 
. (4)
The ratio nf/nfo is obtained directly from the corrected fluorescence excitation spectra: p 
Energy Transfer and Quenching
On the photon transfer theory, and some of the alternative non-radiative mechanisms proposed, the probability of solvent-solute transfer is proportional to the concentration c. On an elementary analysis, the probabilities of the various 
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Hence we obtain, kc where suffixes 1 and 2 refer to the spectral regions 1 and 2.
It is tempting to evaluate the relative values of k , 1, s and m from these data, as has been done by other observers. However, it will be shown by Birks (to be published) that 
Comparison with other Experimental Results
These results differ in certain important respects from those of Cohen and Weinreb (1956) on similar solutions.
These authors do not refer to the oxygen content of their solutions, which presumably were air-saturated. They reported that the energy transfer coefficient f was independent of h for wavelengths from 2200-27OOA. This is in distinct contrast to the present results.
Most of the measurements of Cohen and Weinreb were made using 2537A and 3130K radiation for excitation, corresponding to our spectral regions 1 and 0.
They observed a linear relation between cy, and c as given by ( 5 ) , but with the parameter 1 = 0. Thus they found thatf, tended towards a limiting value of 1.0, as c increased, rather than to the limits, given by 1/A, and 1/A2 of f,=O.48 and f2= 0.7 obtained from the present measurements. It may be noted that Cohen and Weinreb assumed 1 = 0 in their theoretical analysis, and also that their own measurements on anthracene in anisole, reproduced in figure 2(b) of their paper, are not consistent with this hypothesis, Their results, like the present ones, do however show clearly that the probability of solvent-solute transfer is proportional to c.
The other studies of Cohen and Weinreb on the influence of carbon tetrachloride as a quenching agent, and of the dilution of the transferring solvent with cyclohexane, have not been repeated. While there appears to be no reason to question their relative transfer efficiency values, the absolute values are subject to the same degree of uncertainty as the others discussed above.
The difference between the present results and those of Cohen and Weinreb may partly arise from the correction for excitation depth (0 3.2). While the latter refer to a correction for geometrical and self-absorption effects being applied no details of the correction, which is stated to be generally small, are given.
I n the present measurements, covering a similar range of concentrations, the values of E~+ E~C at 2537A and 3130A (the wavelengths used by these authors) range from 170 down to 0.06, corresponding to values of I/Io from 1-04 down to 0.7.
4.2. Consideration of Assumptions Two assumptions made in the analysis and calibration should be noted, since if they were invalid, the results at h<2537A might not be reliable. (i) The molecular fluorescence quantum efficiency qfy of terphenyl in solution is constant down to h=2200A ($ 3.3.) (ii) The technical fluorescence quantum efficiency of the 1 cm cube terphenyl crystal is constant down to h = 2200 A (9 2.3). Since crystalline terphenyl is transparent to its own fluorescence emission (Birks and Wright 1954) , its technical and molecular fluorescence efficiencies are identical. Hence (i) and (ii) are equivalent assumptions for terphenyl molecules in solution and in the crystalline state.
These assumptions are consistent with all the experimental data on organic fluorescent materials, excited by non-ionizing radiation (Pringsheim 1949 , Wright 1955 and there is no reason to doubt their validity. Cohen and Weinreb (1956) also make assumption (i), and a similar assumption to (ii) for the aqueous solution of fluorescein used for calibration.
The choice of terphenyl both as solute and for calibration of the incident radiation flux means that, even if (i) and (ii) are not valid, provided the ratio of the molecular fluorescence efficiencies of terphenyl in solution and in the crystal is constant down to h=2200A, the values off calculated from the observations will be unchanged,
Dependence on Wavelength
The most interesting result is that the energy transfer probability depends on the wavelength of excitation.
The two spectral regions 1 (2500-265OA) and 2 (2200-2350 A) correspond to excitation into the first and second excited electronic singlet states of the toluene molecule. I t is found that the energy transfer coefficient from toluene molecules excited initially into the second excited state, is higher than from molecules excited initially into the first excited state.
The lifetimes of the first and second excited states, estimated fromthe absorption strengths of the electronic transitions, are of the order of 10-9 sec and 10-1l sec respectively. Cohen and Weinreb (1956) have estimated, by measurements of the effect of carbon tetrachloride on quenching, that energy transfer from the first excited state occurs in the order of sec. The efficient energy transfer from the second excited state shows that in this case transfer must occur in about
The very short lifetime of the second excited state reduces the probability that the energy transfer from this state is collisional in nature, since the average time required by an excited solvent molecule to diffuse into the proximity of a solute molecule is in excess of 10-11 sec.
Because of the short lifetime of the second excited state the external quenching will be relatively small. The chief process competing with solvent-solute energy transfer from this state will be conversion into the first excited state of the solvent molecule, either by internal conversion or by solvent-solvent energy transfer. This conversion process is known to be highly efficient and rapid sec or less.
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(Pringsheim 1949). Nevertheless, the results show that the solvent-solute transfer can compete efficiently with such inter-state conversion.
Photon Transfer Theory
The results have been discussed so far without specific reference to any particular mode of energy transfer.
Birks (1954) has suggested fluorescence emission from the second and higher electronic excited states of a fluorescent molecule. The results show that the concept, previously accepted (Pringsheim 1949) , that all the excitation energy of such higher electronic states is internally converted into that of the lowest excited state, is invalid. In pure solvents two components, internal conversion and solvent-solvent transfer, combine to give 100 yo inter-state conversion efficiency ; in solutions, solvent-solute transfer is an efficient competitor against solvent-solvent transfer for the excitation energy. The time required for energy transfer is of the order of sec respectively for the second and first excited states. This is about the same as for fluorescence emission from these two states.
Between region 1 and region 2, where all the excited solvent molecules are initially in the first and second excited states respectively, there is a transition region extending from 2350-2500 A. In this transition region, solvent molecules co-exist initially in either of the two excited states. This region is also that where fluorescence from the second excited state might be expected to occur.
Further information on the energy transfer process is given by the experiments of Cohen and Weinreb (1956) , who have shown that the solvent-solute transfer efficiency in region 1 is practically unchanged if the solvent is diluted by a factor of 1000 with an ' inert ' liquid, such as cyclohexane. They have thus demonstrated that solvent-solvent ' collisional ' energy transfer is negligible. It would also appear that any short-range non-radiative solvent-solute transfer processes, which depend on thermal diffusion to bring the excited solvent molecule and the solute molecule into reasonable proximity, are similarly excluded by these observations, since their efficiency would be reduced by an increase in the diffusion time due to dilution. Fluorescence of the solvent, leading to photon transfer, appears the one possible long-range mechanism. The dilutant, cyclohexane, being transparent does not decrease the efficiency of photon transfer.
The fluorescence spectrum of the emission from the first excited state of toluene, observed in dilute alcoholic solution, has vibrational maxima at h = 2622, 2646, 2676, 2740, 2808 and 2886 6 (Pringsheim 1949). There is thus a major overlap of the fluorescence and absorption spectrum, and in pure toluene the mean free path of the emitted photons will be only a few microns. The relatively low technical fluorescence efficiency qt observed with thicker toluene speclmens by Kallmann and Furst (1951 b) will be considerably less than the molecular fluorescence efficiency qo, due to this high self-absorption. Since Q=( Qo)", where l/n is the probability of photon escape without absorption (Birks 1954), by taking values of q,-0.015 (Kallmann and Furst 1951 b), n-6 (estimated from the absorption and emission spectrat) we obtain a rough estimate of 40-0.5. This is in reasonable agreement with the value obtained by a fuller analysis of the results (Birks, t o be published).
I t is hoped to obtain more direct data on the molecular emission from the first and second excited states ( the latter will be even more difficult to observe and t n=4-5 for pure anthracene (Birks 1954).
'64 since it is completely overlapped by the absorption spectrum) by observations on thin films.
The theory of the scintillation and fluorescence processes in solutions will be developed in more detail by Birks, when experimental data on other liquid and plastic solutions will be considered.
